Bovine embryonic stem (ES) cells have the potential to provide significant benefits in a range of agricultural and biomedical applications. Here, we employed a combination of conventional methods using glycogen synthase kinase 3 and mitogen-activated protein kinase inhibitors to establish ES cell lines from in vitro fertilization (IVF) and somatic cell nuclear transfer (SCNT) bovine embryos. Five male cell lines were established from IVF embryos, and two female and three male cell lines from SCNT blastocysts; we named these lines bovine ES cell-like cells (bESLCs). The lines exhibited dome-shaped colonies, stained positively for alkaline phosphatase, and expressed pluripotent stem cell markers such as POU5F1, SOX2, and SSEA-1. The expression levels of these markers, especially for NANOG, varied among the cell lines. A DNA methylation assay showed the POU5F1 promoter region was hypomethylated compared to fibroblast cells. An in vitro differentiation assay showed that endoderm and ectoderm marker genes, but not mesoderm markers, were upregulated in differentiating bESLCs. To examine bESLCs in later embryonic stages, we created 22 chimeric blastocysts with a male bESLC line carrying a GFP marker gene and transferred these to a recipient cow. Four chimeric embryos were subsequently retrieved on Day 13 and retransferred to two recipient cows. One living fetus was obtained at Day 62. GFP signals were not identified in fetal cells by fluorescence microscopy; however, genomic PCR analysis detected the GFP gene in major organs. Clusters of GFP-positive cells were observed in amniotic membranes, suggesting that bESLCs can be categorized as a novel type of ICM-derived cells that can potentially differentiate into epiblast and hypoblast lineages.
INTRODUCTION
Embryonic stem (ES) cells were first established from the inner cell mass (ICM) of mouse blastocysts and shown to have the potential to differentiate into all cell lineages including germ cells [1, 2] . ES cells allow for the creation of genetically modified animals such as knockout mice, and in domestic animals, they have the potential for use in a range of agricultural and biomedical applications. Numerous attempts have been made to establish ES cells in cattle [3] [4] [5] [6] [7] [8] [9] , pig [10] [11] [12] [13] [14] [15] [16] , and other ungulates [17] [18] [19] ; to date, however, no ES cell lines have been established in livestock that can be reliably used to generate chimeras or enable germ-line transmission. ES cell lines have been established from human [20] and nonhuman primates [21] , and there are several clear differences between such cells and mouse ES cells in terms of their characteristics. Mouse ES cells can be cloned from a single cell, show compact dome-shaped colonies, and are dependent upon leukemia inhibitory factor (LIF)/STAT3 signaling for the maintenance of pluripotency [22] . In contrast, primate ES cells are intolerant to passaging as single cells [20, [23] [24] [25] , exhibit a characteristic flattened morphology, and require basic fibroblast growth factor (bFGF) and TGFb/ACTIVIN A to maintain undifferentiated states [26] [27] [28] .
A recent study revealed that these characteristics of primate ES cells are almost identical to those of murine epiblast stem (EpiS) cells that are established from the postimplantation epiblast [29, 30] . EpiS cells are capable of differentiating into the three germ layers and are able to form teratomas in a manner similar to mouse ES cells, but they contribute little to the formation of chimeras [29, 31] . Accordingly, these two types of pluripotent cells are thought to be distinct, with mouse ES cells being referred to as naive and EpiS-type cells being referred to as primed [32] .
Recently, germ line-competent rat ES cell lines have been generated [33, 34] ; these are the first reports of naive ES cell lines in a mammalian species other than the mouse. The rat ES cells were generated by addition of three inhibitors to the culture medium, namely, CHIR99021, PD184352, and SU5402. CHIR99021 is a highly selective inhibitor of glycogen synthase kinase 3 (GSK3), while PD184352 and SU5402 are selective inhibitors of mitogen-activated protein kinase (MEK) and FGF receptor tyrosine kinase, respectively. These inhibitors protect ES cells from inductive differentiation cues.
In this study, we attempted to establish LIF-dependent, naive type pluripotent cell lines from bovine blastocysts by use of conventional methodology but with application of both CHIR99021 and PD184352. Using this approach, we estab-lished several embryonic cell lines from in vitro fertilization (IVF) and somatic cell nuclear transfer (SCNT) embryos. We then characterized molecular and epigenetic aspects of these cell lines, and examined their potential to contribute to chimeric embryos at three different developmental time points, namely, Day 7 blastocysts and Day 14 and Day 62 embryos.
MATERIALS AND METHODS
All the procedures involving the care and use of animals were approved by the Animal Research Committee, National Institute of Agrobiological Sciences and NARO Institute of Livestock and Grassland Science.
Production of IVF and SCNT Blastocysts
Bovine oocytes sourced from a local slaughterhouse were matured and fertilized in vitro as described previously [35] . Following IVF, putative zygotes were vortex mixed to remove cumulus cells, and 20 embryos were cultured in a 100 ll drop of IVD-101 medium (Research Institute for the Functional Peptides) [36] covered with mineral oil in a culture dish for 7-8 days under 5% CO 2 , 5% O 2 , and 90% N 2 at 38.58C. SCNT was performed as described previously [37] . Briefly, following in vitro maturation culture, the cumulus cells surrounding the oocytes were removed by vortex mixing in 0.1% hyaluronidase (Sigma-Aldrich) for 5 min, and oocytes with a visible first polar body under a dissection microscopy were enucleated. Fibroblast cells from the ear skin tissue of a Japanese Black bull and a cow were transferred to the perivitelline space of enucleated oocytes. The oocyte-cell complex was sandwiched with a pair of electrodes in Zimmerman mammalian cell fusion medium [38] , and a single direct current pulse of 25 V was applied for 10 lsec for oocyte-cell fusion. The SCNT embryos were chemically activated 1 h after fusion by treatment with 10 lM calcium ionophore A23187 (Calbiochem-Novabiochem) in PBS for 5 min, 2.5 lg/ml cytochalasin D (Sigma-Aldrich) and 10 lg/ml cycloheximide (Sigma-Aldrich) in TCM-199 with 10% fetal bovine serum (FBS) for 1 h, and then 10 lg/ml cycloheximide alone for 4 h. After chemical activation, SCNT embryos were cultured in IVD-101 for 7-8 days under 5% CO 2 , 5% O 2 , and 90% N 2 at 38.58C. IVF and SCNT embryos were then used as a source for bovine embryoderived cells and host embryos for chimeric assays.
Establishment of Bovine ES-Like Cell Lines
IVF and SCNT blastocysts with a well-developed ICM on Day 7 or Day 8 were used for outgrowth culture. Blastocysts were treated with 1% actinase E (Kaken Pharmaceutical) to remove the zona pellucida and to loosen the cell junctions between trophectoderm (TE) cells and TE-ICM. Then, the blastocyst was held down using a hand-drawn glass Pasteur pipette with an internal diameter approximating the size of the ICM, and the ICM was aspirated into the pipette. Isolated ICMs were transferred individually to a single well of a 4-well dish (Nunc) containing mitomycin C (Kyowa Medex)-treated mouse embryonic fibroblast (MEF) feeder cells at a concentration of 1.2 3 10 5 cells/well. ICMs were cultured in 800 ll of ES medium consisting of KnockOut-Dulbecco modified Eagle medium (DMEM) supplemented with 2 mM GlutaMAX-I, 1% MEM nonessential amino acids, 1% antibiotic-antimycotic liquid, 15% ES cellqualified FBS (all from Invitrogen), 20 ng/ml recombinant human LIF (hLIF, made in-house), and 0.1 mM b-mercaptoethanol (ESM-F) under 5% CO 2 , 5% O 2 , and 90% N 2 at 38.58C. After 4 to 5 days of culture, a compact clump derived from the ICM was removed by a glass pipette and transferred onto new feeder layers with ES medium containing 15% KnockOut-Serum Replacement (KSR; Invitrogen) instead of FBS, 6.0 lM CHIR99021, and 1.0 lM PD184352 (both from Axon Medchem) (ESM-Ki). Rho-associated kinase (ROCK) inhibitor, Y-27632 (Wako) was also added at 10 lM to enhance the efficiency of colony formation [39] , and the cells were cultured under the same conditions as for outgrowth culture. After 5 to 7 days of culture, colonies were treated with CTK solution [40] consisting of 0.1% collagenase IV (Sigma-Aldrich), 0.25% trypsin (Invitrogen), 20% KSR, and 1 mM CaCl 2 in PBS and broken up into small pieces by gentle pipetting, which were then transferred onto new feeder layers with ESM-Ki medium containing 10 lM Y-27632 to diminish the dissociation-induced apoptosis [39] . The medium was changed every 2 days, and the colonies were passaged every 4 to 7 days at a ratio of 1:2 and propagated in 3.5 cm cell culture dishes. After 10 passages, bovine ES cell-like cells (bESLCs) were cryopreserved in Cellbanker 1 (Nippon Zenyaku Kogyo) supplemented with 10 lM Y-27632 and transferred to a serum tube (Sumilon). Tubes were kept on ice for 10 min and frozen at À808C. For long-term storage, the tubes were transferred to liquid nitrogen. To recover frozen cells, upon removal from storage, the tube was immediately placed in a 378C water bath and the thawed cells were washed with ESM-F by centrifugation at 280 3 g for 5 min; bESLCs were then plated onto a fresh feeder layer with ESM-Ki. Following this, passage was performed with 0.1% trypsin and 0.53 mM ethylenediaminetetraacetic acid in PBS for routine culture. For long-term cell fate tracing experiments, one of the bES lines, ivfES?#5, was genetically marked by introducing the CAG promoter-driven Green fluorescent protein (GFP) gene using the Nucleofector Kit (Lonza Biosciences). GFP-positive cells were enriched by cell sorting 7-8 days following transfection. Resultant colonies expressing GFP-positive cells (ivfES?#5-GFP) were picked up, passaged, and cryopreserved as described above.
Alkaline Phosphatase Staining, Karyotype Analysis, and Sex Determination Alkaline phosphatase (AP) staining was carried out using an AP staining kit (Sigma-Aldrich) according to the manufacturer's protocol. For karyotyping, bESLCs were incubated with 10 lg/ml colcemid (Invitrogen) for 6 h under 5% CO 2 , 5% O 2 , and 90% N 2 at 38.58C. Cells were trypsinized, pelleted, gently resuspended in 5 ml of 75 mM KCl, and incubated for 10 min at 378C. Then, cells were fixed by the addition of 0.5 ml methanol:glacial acetic acid solution (3:1) and were pelleted and resuspended in 5 ml fresh fixative solution and kept at 48C until use. The suspension was then dropped onto slides to prepare chromosome spreads and the dried slides stained with Giemsa solution. More than 50 metaphase spreads were counted for each bESLC line. For the sex determination of bESLCs, genomic DNA was extracted using the DNeasy Purification Kit (QIAGEN). The SRY primer set is described in Supplemental  Table S1 (all the Supplemental Data are available online at www.biolreprod. org).
Immunohistochemistry
For immunohistochemistry, bESLCs were fixed overnight with 4% paraformaldehyde (PFA)-PBS at 48C and permeabilized with methyl alcohol for 10 min at À208C. The cells were then immunostained using the primary antibodies anti-Oct-4 (SC-9081; Santa Cruz Biotech), anti-Sox-2 (SC-17320, Santa Cruz), anti-Nanog (ReproCELL), anti-SSEA-1 (MC-480), and anti-SSEA-4 (MC-813-70) from Developmental Studies Hybridoma Bank (University of Iowa), which were all diluted 1:200 in dilution buffer (PBS supplemented with 2% BSA) and incubated overnight at 48C. After three washes with wash buffer (PBS supplemented with 0.01% Tween 20); an Alexa Fluor 488-conjugated secondary antibody (Molecular Probes), diluted 1:1000, was applied to the cells for 2 h at 48C. The cells were counterstained with 1 lg/ ml Hoechst 33342 (Sigma-Aldrich) in PBS for 5 min at room temperature. Finally, specimens were imaged using a fluorescence microscopy system (BZ-8100; KEYENCE).
In Vitro Differentiation Assay
An in vitro differentiation assay was performed using a Human Pluripotent Stem Cell Functional Identification Kit (R&D Systems). Briefly, bESLCs in ESM-Ki medium were plated into a 4-well dish (Nunc) at a concentration of 2.0 3 10 5 cells/well. Ethanol-fixed MEF cells were used as a feeder layer to prevent bESLC differentiation before induction. On the day after plating, the medium was changed to a differentiation medium that contained a specific supplement for each of the three germ layers. For endoderm differentiation, the medium was changed to endoderm differentiation medium I on Day 1, replaced with differentiation medium II on Day 2, and the cells were harvested on Day 4. For ectoderm and mesoderm differentiation, ESM-Ki medium was replaced by the appropriate differentiation medium on Day 1, and the cells were harvested either on Day 4 (ectoderm differentiation) or Day 2 (mesoderm differentiation). Total RNA was purified from harvested cells in each differentiation assay using an RNeasy purification kit (QIAGEN) and was used for quantitative reverse transcription (qRT)-PCR analysis.
Reverse Transcription (RT)-PCR and qRT-PCR
Total RNAs (0.2-1.0 lg) were purified using an RNeasy purification kit (QIAGEN) and subjected to oligo-dT primed reverse-transcription with MMLV-reverse transcriptase (Promega). Single-strand cDNA products were purified using a PCR purification kit (QIAGEN), and 1:200 to 1:50 of the cDNA products were used for each PCR amplification. PCR was performed using ExTaq DNA polymerase (TaKaRa Bio) and qRT-PCR was performed using a LightCycler 480 SYBR Green I (Roche) on a LightCycler 480 (Roche). The sequences of the gene-specific primer sets used here are given in Supplemental Table S1 .
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Oligo cDNA Microarray Hybridization
All the procedures were performed according to our previously reported microarray hybridization procedures [41] . A customized bovine oligonucleotide microarray with 15 000 unique genes (GPL9284) was used to detect cellular gene expression. An oligo DNA microarray produced by Agilent Technologies was used in this study. Sixty-mer nucleotide probes for the customized microarray were synthesized on a glass slide. We performed one-color microarray analysis, and fluorescence-labeled (Cy3) cRNA probes were prepared from 200 ng of total RNA from each sample using a Low Input Quick Amp Labeling Kit (Agilent Technologies). Labeled cRNA probes (600 ng each) were then hybridized using the Gene Expression Hybridization Kit (Agilent Technologies) and washed according to the manufacturer's instructions. After washing, arrays were scanned using an Agilent Microarray Scanner (Agilent Technologies), and Feature Extraction version 9.5 software (Agilent Technologies) was used for image analysis and data extraction. Microarray data from each sample were imported into GeneSpring GX 11.5 computer software (Agilent Technologies) for further data characterization.
DNA Methylation Assay and Combined Bisulfite Restriction Analysis
Genomic DNA was extracted using the DNeasy Purification Kit (QIAGEN) and treated with an EZ Epitect Bisulfite Kit (QIAGEN) to convert unmethylated cytosine to uracil. The exon I region of the POU5F1 gene was amplified by nested PCR. PCR products were subcloned into a pBluescript KS (þ) vector, and at least 10 subclones derived from each cell line were sequenced. For combined bisulfite restriction analysis (COBRA), the XIST differentially methylated region (DMR) in exon I was amplified by nested PCR [42] . PCR products were digested with the restriction enzymes AciI, EcoRV, and HinfI, which recognize sequences containing CpG in the original unconverted DNA, and separated by agarose gel electrophoresis. The specific PCR primer set for the DNA methylation assay and for the COBRA are described in Supplemental Table S2 .
Generation of Chimeric Embryos
Enzymatically dispersed bESLCs were stained with dialkylcarbocyanine (DiI) (Molecular Probes) according to the manufacturer's protocol, and 15 cells were carefully injected into Day 5 host embryos. Embryos were then cultured in IVD-101 medium with 10% FBS until the blastocyst stage on Day 8-9 and fixed with 4% PFA-PBS. The distribution of bESLCs in the blastocysts was analyzed using fluorescence microscopy. To determine their distribution at subsequent stages of embryo development, some blastocysts in which the presence of bESLCs was verified and which had normal morphology were used for embryo transfer.
Embryo Transfer and Recovery of Conceptus
Ten to fifteen Day 8 blastocysts containing bESLCs and with normal morphology were transferred into each uterine horn of estrus-synchronized recipient cows that had multiple corporea lutea formation induced by superovulation. The embryos were subsequently recovered at Day 13-14 by nonsurgical uterine flushing. Four of these Day 13 embryos, which had received ivfES?#5-GFP cells, were retransferred into estrus-synchronized recipient cows; the embryos were later recovered on Day 62 following slaughter of the recipient cows. The embryos were examined by fluorescence stereomicroscopy and PCR analysis to identify cells derived from the transplanted ivfES?#5-GFP cells. Genomic DNA was extracted using a DNeasy Purification Kit (QIAGEN), and PCR was performed using a LightCycler 480 (Roche). The GFP and SRY primer set used is described in Supplemental Table S1 .
Statistical Analysis
Statistically significant differences between groups were identified using chi square analysis or Student t-test.
RESULTS

Establishment of bESLCs
Day 7-8 bovine ICMs were mechanically isolated from the TE and used for outgrowth culture. After 4-5 days of culture, a compact cell clump covered with a primitive endodermal cell layer appeared in 42%-48% of the cultures (Fig. 1A) ; these clumps resembled those seen with mouse ES cell colonies. There were no differences among cultures from different ICM origins (i.e., IVF embryos and SCNT male and female blastocysts) in terms of the rate of colony formation. Primary colonies were carefully separated from endodermal cells and transferred to a new feeder cell layer (Fig. 1B) . Some of the cells in the colony died within a few days (Fig. 1C) , while the surviving cells continued to grow and maintain the colony (Fig.  1D) . The colonies were allowed to expand for approximately 10 passages (up to two 3.5 cm culture dishes) before cryopreservation, but Y-27632, a ROCK inhibitor, was required to block the dissociation-induced apoptosis just like with human ES cells. Overall, 15%-18% of the cell lines were cryopreserved (Table 1) . After thawing and recovery, cell lines that survived and could be repeatedly passaged were considered as established cell lines. Ultimately, we obtained five cell lines from IVF ICMs (ivfES?#1-#5), two cell lines from SCNT females (ntES/#2, 5), and three cell lines from SCNT male ICMs (ntES?#1-3). When maintained in ESM-Ki, the bESLCs retained a mouse ES-cell-like morphology (Fig.  1E ) and AP activity (Fig. 1F) . Approximately 83%-91% of cells from each cell line exhibited a normal karyotype (2n ¼ 60) at 10 to 15 passages ( Table 2 ). The analysis of sex chromosomes showed that there were no female cell lines derived from IVF ICMs.
Characterization of bESLCs
We examined bESLCs for the expression of markers that are typically expressed in undifferentiated pluripotent stem cells. Immunohistochemical analysis showed that cells within the colonies expressed the pluripotent markers POU5F1, NANOG, and particularly SOX2 in their nuclei (Fig. 2, A-C) ; bESLCs were also positive for the surface glycoprotein markers SSEA-1 and SSEA-4 (Fig. 2, D and E) , although their relative levels of expression were low.
To verify the results of the immunofluorescence staining and to screen for expression of other differentiation markers, we performed RT-PCR in six bESLC lines. High levels of SOX2 expression were confirmed, and POU5F1, KLF4, and LIFR (genes that code for the LIF receptor) were detected in all bESLCs (Fig. 3) . However, expression of ZFP42, a target gene for POU5F1, was only detected in three of the six bESLCs cell lines (Fig. 3) . Expression of NANOG was observed in one male cell line and two female cell lines, but three male cell lines were negative (Fig. 3) . Expression of the primitive ectodermal marker FGF5 was undetectable except in ntES/#2. T (BRACHYURY), the early embryonic mesodermal marker, and the TE lineage marker CDX2 were not detected in any of the bESLCs. IFNT2 (IFN-tau-c1) was not detected except in ntES/#2 (Fig. 3) .
To further define the molecular properties of bESLCs, we performed a global analysis of gene expression profiles using microarray technology. A hierarchical clustering analysis showed that all six bESLCs exhibited similar gene expression profiles that were clearly distinguishable from those of the fibroblast cells used for the SCNT donor (Fig. 4) . There was no significant sex-or origin-biased clustering tendency among the bESLCs.
It is known that the POU5F1 promoter region is hypomethylated in pluripotent stem cells such as ES and induced pluripotent stem (iPS) cells; therefore, we performed a bisulfite sequencing analysis of the POU5F1 promoter region. As shown in Figure 5 , methylation levels of the POU5F1 promoter region in all the male bESLCs were significantly
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Article 28 lower than those of fibroblast cells. In two female bESLCs, the POU5F1 promoter region were hypomethylated compared to donor fibroblast cells, but their levels were higher than those of male cell lines. In female naive pluripotent cells such as mouse ES cells, both X chromosomes are active [43] , but in primed pluripotent cells such as primate ES cells and rodent EpiS cells, one copy of the X chromosome is epigenetically silenced [31] . We evaluated the status of X chromosome inactivation in bESLCs using COBRA. PCR products from XIST DMR in male fibroblasts and bESLCs were almost completely cleaved by the restriction enzyme AciI, while approximately half of those from female fibroblasts and bESLCs remained intact following AciI digestion (Fig. 6 ). This suggested that X chromosome inactivation occurred in female bESLCs, in a similar manner as seen in female somatic cells.
In Vitro Differentiation Assay
Next, we sought to verify that bESLCs have the potential to differentiate into the three germ layers. An in vitro differentiation assay was performed using ivfES?#5 and ntES?#2. Two days after induction, bESLCs cultured in endoderm and mesoderm differentiation media transformed into squamous, flattened cells (Fig. 7A) . In contrast, bESLCs cultured in ectoderm differentiation medium formed massive aggregates and long thin filaments (Fig. 7A) . The endoderm marker genes SST (SOMATOSTATIN) and ALB (ALBUMIN) were significantly upregulated in both bESLCs following culture in endoderm differentiation medium (Fig. 7B) . The level of expression of TUBB3 (b-3-TUBLIN), an ectodermal marker gene, was significantly higher in bESLCs cultured in ectoderm differentiation medium compared to noninduced bESLCs (Fig.  7B) . Another ectodermal marker gene, NES (NESTIN), was also induced in both bESLCs after culture in ectodermal differentiation media; this effect was particularly pronounced in ivfES?#5 (Fig. 7B) . Upregulation of the mesodermal marker genes BMP4 and UCP2 (UNCOUPLING PROTEIN 2) was not detected in either bESLC (Fig. 7B ) in this in vitro differentiation assay system.
Mapping Analysis of bESLCs in Chimeric Embryos
We examined the capability of the bESLCs to be incorporated into developing embryos using one female cell line, ntES/#2, and two male cell lines, ivfES?#5 and ntES?#2. Fifteen DiI-labeled bESLCs were carefully injected into Day 5 host embryos (Fig. 8, A , E, and I, and Table 3) , and the fates of ESLC-derived cells were traced at subsequent stages. At Day 8-9 blastocyst stages, DiI-labeled ntES/#2, ivfES?#5 and ntES?#2 cells were detected in 72.7%, 63.3%, and 56.3% of blastocysts, respectively, and incorporation into the ICM was observed in 22.7%, 1.7%, and 6.9% of blastocysts, respectively (Fig. 8, B , F, and J, and Table 3 ).
The bESLCs that were not incorporated into the ICM had a tendency of localizing around the ICM (Fig. 8, B , F, and J, and Table 3 ).
To investigate the ability of the bESLCs to contribute to later stage embryos, 20-30 blastocysts with confirmed localization of bESLCs in the ICM were transferred into recipient cows and subsequently retrieved at Day 14. Because some elongated embryos were damaged in the process of recovery by flushing, the number of recovered embryos included those that had been fragmented. DiI-labeled bESLC cells were found in 21.6%-42.9% of the embryonic disks in conceptuses derived from the three bESLC line-injected embryos (Table 4) . DiI-positive cells present in the epiblast appeared as small spheres, as with injected bESLCs (Fig. 8, C , G, and K). However, cells at the amniotic fold overlaying the epiblast (Fig. 8D ) and forming clusters in extraembryonic tissues (Fig. 8, D , H, and L) appeared to be relatively large and polygonal in morphology. As with blastocysts at Day 8-9, DiIpositive cells tended to locate in the vicinity of the embryonic disk even although they were not incorporated into the embryonic disk.
Finally, we addressed the contribution of bESLCs to organs and tissues in chimeric conceptuses after implantation. The ivfES?#5-GFP cell line, which stably expresses GFP, was used to trace bESLC derivatives over the long-term. Twentytwo chimeric blastocysts at Day 8 were transferred to a recipient cow and 16 conceptuses exhibiting an embryonic disk were retrieved at Day 13 ( Table 4) . Three of the four conceptuses that were confirmed as being chimeric embryos contained GFP-positive cells in the embryonic disk. All four chimeric embryos were individually transferred into the uterine horns of two recipient cows (#382 and #469). Implantation of one of the two embryos transferred to each recipient was observed at Day 30; however, ultrasound diagnosis did not detect the presence of a fetus in one recipient (#469) at Day 40. One fetus was retrieved from recipient #382, and two extraembryonic components from both recipients were retrieved on Day 62. The fetus appeared to be morphologically normal, and its body length (80 mm) and weight (17.5 g) were within the normal range. The shape of the genital tract and PCR analysis for SRY revealed that the fetus was male (Fig. 9A) .
While no GFP signals were detected in any organs or tissues of this fetus, clusters of GFP-positive cells were interspersed in the amniotic membrane (Fig. 9B) . The major organs and body parts of the fetus were used in a genomic PCR analysis; the GFP gene was detected in the intestine, liver, stomach, heart, kidney, front right leg, and head (not including brain), but was not detected in the testis or mesonephros (Fig. 9A) . The GFP gene was also detected in extraembryonic membranes retrieved from recipients #382 and #469.
DISCUSSION
In the present study, we report the establishment of bESLCs lines from IVF and SCNT blastocysts using GSK3 and MEK inhibitors. These cell lines formed colonies that resembled those of mouse ES cells and expressed pluripotent markers. All of the established cell lines showed similar gene expression profiles, and the POU5F1 promoter region in all were hypomethylated, as with pluripotent stem cells. These results suggest that all the cell lines had undergone similar epigenetic alterations toward an early embryonic status during their establishment. Furthermore, a chimeric analysis demonstrated that cells derived from bESLCs were present in a fetus and in extraembryonic tissues at Day 62.
The bESLCs exhibited features of both naive and primed pluripotent stem cells. They formed compact dome-shaped colonies, and their proliferation was dependent upon LIF signals [22] , as with mouse ES cells. Primed cells generally require bFGF signals for their proliferation and for maintenance of pluripotency [26] [27] [28] . But we failed to isolate bESLCs in the presence of bFGF and PD0325901, which was a specific inhibitor of ERK pathway by FGF4 (data not shown), suggesting that abundant FGF signals worked as repressors for the proliferation of bESLCs. On the other hand, bESLCs were intolerant to passaging as single cells, and one copy of the X chromosome appeared to be silenced in female cell lines; these features are reminiscent of mouse EpiS cells and primate FURUSAWA ET AL. 6 Article 28
ES cells. These results led us to speculate that bESLCs are derived from cells at the ICM to epiblast transition. Recently, Berg et al. [44] reported that lineage specification of the ICM and TE in nonrodent animals occurred later than it does in mice. This late segregation of ICM/TE lineage in the bovine model may be the origin of the ambiguous character of the bESLCs. Furthermore, the results of the chimeric analysis suggested that bESLCs could potentially differentiate into hypoblast cell lineages. Mouse trophoblast stem cells derived from the outgrowths of blastocyst polar TE are well known to have the capability to differentiate into the TE lineage, but they require FGF4 signals for their isolation and proliferation and exhibit high levels of Cdx2 expression [45, 46] . These characteristics indicate that trophoblast cells and bESLCs cannot be categorized as the same type of cell. Additionally, RT-PCR analysis verified POU5F1 expression in bESLCs, although expression levels were relatively low. Expression of ZFP42 was only detected in half of the bESLCs analyzed, also suggesting low activity levels of POU5F1. Lineage commitment of the TE is known to require the decay of POU5F1 expression in the bovine model [44] . Consequently, in addition to the late determination of ICM/TE lineage, such low expression levels of POU5F1 may allow bESLCs to commit toward the TE lineage. Interestingly, mapping analysis demonstrated that bESLCs and their derivatives tended to locate in the vicinity of the embryonic disk. These results suggest that they are attracted to some humoral and/or adhesive factors arising from the embryonic disk, and this degree of affinity for the epiblast appears to affect exposure levels to differentiation signaling, including FGF4 and TGFb/NODAL/ 7  Article 28 ACTIVIN pathways, which may eventually decide the cell differentiation lineage.
CHARACTERISTICS OF BOVINE ES CELL-LIKE CELL LINES
In this study, we performed embryo recovery and retransfer by a nonsurgical operation around Day 13 in order to trace the fate of the bESLCs. Unlike the mouse, bovine embryos stay in the uterus without implantation for about 2 wk, and this characteristic delay of implantation permitted us to develop this new method. This procedure could be applied for up to 30 blastocysts per recipient cow, and we can estimate the course of embryo development up to the Day 14 stage. This is an extremely efficient method with which to select embryos that are expected to proceed to further stages, especially for the generation of chimeric and/or cloned animals.
We tested the potential ability of bESLCs to differentiate into the three germ layers using an in vitro differentiation assay. Upregulation of endoderm and ectoderm marker genes suggested that bESLCs have the potential to differentiate into endoderm and ectoderm, but no commitment to mesoderm could be detected in this study, suggesting some important machinery for mesoderm differentiation do not work in bESLCs (Fig. 7) . It is possible that the assay system, which was developed for human stem cells, is not adequate for bovine mesoderm differentiation; nevertheless some essential factors for full pluripotency may be insufficient in bESLCs. As described above, POU5F1 expression levels in bESLCs were relatively low, so we generated the bESLCs carry a constitutively expressed POU5F1 gene. These cell lines showed higher colony efficiencies and growth rates than parental cells, but expression levels of endogenous POU5F1 and NANOG were not altered (data not shown). Telugu et al. 
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Article 28 tiation has been obtained to date (data not shown). The bESLCs did not form aggregates, a characteristic that might be attributable to the low expression levels of adhesion molecules that are generally expressed in ES cells. Expression of CDH1, which encodes E-CADHERIN, was only detected in two of six bESLCs (Fig. 3) , and PECAM1 expression was not detectable in any of the bESLCs cell lines (data not shown). Telugu et al. [47] succeeded in inducing porcine pluripotent cells to differentiate into teratomas using matrigel; therefore, bESLCs may also need a complement carrier in order to form such structures. PCR and fluorescence microscopy analysis revealed the existence of incorporated bESLCs in a fetus and in extraembryonic membranes on Day 62. Cibelli et al. [7] reported that transgenic bovine ES-like cells that established from IVF and SCNT blastocysts were found to differentiate into three germ layers in calves. Because the cells formed single layer sheets and were intolerant to passaging as single cells, they had partially similar features to primed pluripotent stem cells. But they were AP negative, and expressions of other pluripotent markers and response to LIF and FGF signals were unknown; therefore, it is uncertain whether they are categorized as the same type of primed cells or bESLCs. It is important to compare the characters of ES-like cells that have been reported to date, and analysis results from the comparisons could provide useful clues to improve the insufficient pathways to establish the truly pluripotent stem cells. In particular, from the point of view of using bovine ES cells in practical applications, it is very important to determine whether the cells have the potency to differentiate into germ-line cell lineages. Recently, Hayashi et al. [48, 49] demonstrated that primordial germ cell-like cells induced from mouse ES cells and iPS cells in vitro could differentiate into gametes and could be used to produce offspring. The establishment of pluripotent stem cells in domestic animals represents a crucial reproductive technology, not only for generating genetically modified animals, but also to exploiting this innovative breeding method in livestock.
